First demonstration of multimode amplifier for spatial division multiplexed transmission systems by Jung, Y. et al.
The seed comprised of an external cavity laser (ECL) tunable across the C-band and a fixed wavelength DFB 
diode laser at 1558.9nm. The single-mode, single polarized output of the ECL and the DFB were spliced to passive 
multimode optical fibers. For simplicity we used a fiber with a core diameter of 19.7µm and a numerical aperture 
(NA) of 0.12 which effectively guides only two transverse mode groups, namely the LP01 and LP11 mode groups ( 
comprising 6 distinct modes including all degeneracies and polarizations). A mechanical long period grating (LPG) 
was applied to the two moded fiber (TMF) spliced to the end of the DFB pigtail to convert input light in the LP01 to 
the LP11 mode. A typical transmission curve of the mechanical LPG is shown in Fig. 1b showing that conversion to 
the LP11 mode was achieved with an extinction ratio of 30dB when a single polarization LP01 mode at 1559nm was 
coupled into the TMF. For ease of demultiplexing the modes at the amplifier output we considered only the x-
polarized LP01 mode (i.e. LP
x
01) and the LP11 mode along the y-polarization, i.e. LP
y
11.  The LP
x
01 mode from the 
ECL and LP
y
11 from the DFB are polarization multiplexed using a polarization beam splitter (PBS) and coupled into 
a second length of passive TMF. The launch end of the TMF was flat cleaved to enable clean excitation of the fiber 
modes (this has the slight downside that it leads to an increased buildup of amplified spontaneous emission (ASE) at 
the amplifier output at low input signal powers). The output of the input length of passive TMF was analyzed to 
assess the degradation in polarization extinction ratio (PER) between the two orthogonal modes as well as any mode 
cross-coupling during the free space coupling. A PER in excess of 20dB was measured for both the modes, which is 
sufficient for amplification and polarization demultiplexing of the two orthogonal signal modes at the output of the 
amplifier. The passive fiber was then spliced directly to a 5m length of either of two mode-matched Er
3+-doped 
active fibers each exhibiting different fiber refractive index profiles (FRIPs), namely Fiber #1 and Fiber #2, as 
shown in  Fig.  2a  and  Fig. 2b  respectively.  It is  reasonable to assume  that the  Er
3+-doping  profile  follows the 
refractive index profiles of the active fibers. A 980nm fiber pigtailed diode laser was used to pump the active fibers 
and was free-space coupled into the MM-EDFA using a dichroic mirror. The free ends of the active fibers were 
angle cleaved to suppress Fresnel reflection. A second PBS was used at the output of the amplifier to separate the 









































































Central launch: LP01, LP11



















Central launch: LP01, LP11









Fig. 2: (a, b) FRIP and calculated mode profiles supported by the two  fabricated active fibers, (c, d) pump mode profiles coupled into the 




11 modes for center and offset launch. 
 




11 modes, shown in Fig. 2e and 2f, critically depend on the 
pump modes. For centered launch condition which promotes the excitation of the symmetric pump modes (Fig. 2c 
and Fig. 2d), the measured gain of the LP
x
01 mode for Fiber #1 (Fig. 2a) was found to be substantially higher 
(>15dB)  than  the  LP
y
11  mode  due  to  better  spatial  overlap  with  the  pump  modes  as  well  as  the  Er
3+-dopant 
distribution. For offset launch the asymmetric pump modes dominate over the symmetric ones and the differential 
gains of the two modes were measured to be around 10dB. However this comes at the expense of lower average 
output power due the reduced pump coupling efficiency. Fiber #2 was designed to have higher Er
3+- density at the 
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